Rationally designed combinations of targeted therapies for refractory cancers, such as activated B cell-like diffuse large B cell lymphoma (ABC DLBCL), are likely required to achieve potent, durable responses. Here, we used a pharmacoproteomics approach to map the interactome of a tumor-enriched isoform of HSP90 (teHSP90). Specifically, we chemically precipitated teHSP90-client complexes from DLBCL cell lines with the small molecule PU-H71 and found that components of the proximal B cell receptor (BCR) signalosome were enriched within teHSP90 complexes. Functional assays revealed that teHSP90 facilitates BCR signaling dynamics by enabling phosphorylation of key BCR signalosome components, including the kinases SYK and BTK. Consequently, treatment of BCR-dependent ABC DLBCL cells with PU-H71 attenuated BCR signaling, calcium flux, and NF-kB signaling, ultimately leading to growth arrest. Combined exposure of ABC DLBCL cell lines to PU-H71 and ibrutinib, a BCR pathway inhibitor, more potently suppressed BCR signaling than either drug alone. Correspondingly, PU-H71 combined with ibrutinib induced synergistic killing of lymphoma cell lines, primary human lymphoma specimens ex vivo, and lymphoma xenografts in vivo, without notable toxicity. Together, our results demonstrate that a pharmacoproteome-driven rational combination therapy has potential to provide more potent BCR-directed therapy for ABC DLCBL patients.
Introduction
Tumor growth and survival are maintained by molecular mechanisms linked either to somatic mutations or to normal proteins hijacked by tumors resulting in non-oncogene addiction. Targeting these proteins and pathways holds the promise to improve efficacy and decrease toxicity of anticancer treatments. However, even targeted therapies are unlikely to be curative as single agents, given the genetic complexity, clonal heterogeneity, feedback mechanisms, and propensity to develop resistance in most tumors. Tumor eradication will require combinations of agents that hit parallel or complementary pathways or enable more thorough suppression of complex signaling pathways. Design of rational combinations is challenging, given the massive numbers of drugs and the difficulty of defining the complement of proteins that drive tumor survival, independent of whether they are affected by somatic mutations.
These challenges are highly relevant to diffuse large B cell lymphoma (DLBCL), a heterogeneous group of tumors that are not curable with current therapies in 40% of patients (1, 2) . One way to address the heterogeneity challenge is to identify and target mechanisms that drive lymphomagenesis in a broad cross section of patients, regardless of their complement of somatic mutations. In this regard, it is recognized that tumors acquire a biological dependence on stress proteins during malignant transformation. Recent data implicate high molecular weight stress protein complexes enriched in tumor cells as playing a key role in the survival of lymphoma cells (3) (4) (5) . These complexes contain a modified form of the molecular chaperone protein HSP90. Tumorenriched HSP90 (teHSP90) complexes preferentially associate with mutant and WT proteins required to maintain tumor survival, whereas the housekeeping form of HSP90 are not preferentially associated with tumor-associated proteins (5, 6) . Recently, a small molecule called PU-H71 was developed that preferentially binds with high affinity to teHSP90 stress complexes (3, 4) . PU-H71 disrupts the functionality of these teHSP90 complexes with little effect on housekeeping fractions of HSP90 (5) . This endows PU-H71 with preferential binding to tumor cells versus normal cells and a greater therapeutic window than traditional nonselective HSP90 inhibitors. In particular, PU-H71 has potent activity against DLBCL cell lines, as well as primary human DLBCL cells grown ex vivo, without significant toxicity in mice (3) . PU-H71 has moved into the clinical arena, where it is currently in phase I trials.
The high affinity of PU-H71 to teHSP90 stress complexes has been harnessed as a proteomics capture approach to identify the cellular complement of oncoproteins specifically contributing to the growth and survival of tumors (5) . For example, PU-H71 pulldowns performed in leukemia cells driven by BCR-ABL capture BCR-ABL but not the normal counterpart ABL protein; both BCR-ABL and ABL are HSP90 clients, but only BCR-ABL is bound and stabilized by teHSP90 (5) . Importantly, these and other initial Rationally designed combinations of targeted therapies for refractory cancers, such as activated B cell-like diffuse large B cell lymphoma (ABC DLBCL), are likely required to achieve potent, durable responses. Here, we used a pharmacoproteomics approach to map the interactome of a tumor-enriched isoform of HSP90 (teHSP90). Specifically, we chemically precipitated teHSP90-client complexes from DLBCL cell lines with the small molecule PU-H71 and found that components of the proximal B cell receptor (BCR) signalosome were enriched within teHSP90 complexes. Functional assays revealed that teHSP90 facilitates BCR signaling dynamics by enabling phosphorylation of key BCR signalosome components, including the kinases SYK and BTK. Consequently, treatment of BCR-dependent ABC DLBCL cells with PU-H71 attenuated BCR signaling, calcium flux, and NF-κB signaling, ultimately leading to growth arrest. Combined exposure of ABC DLBCL cell lines to PU-H71 and ibrutinib, a BCR pathway inhibitor, more potently suppressed BCR signaling than either drug alone. Correspondingly, PU-H71 combined with ibrutinib induced synergistic killing of lymphoma cell lines, primary human lymphoma specimens ex vivo, and lymphoma xenografts in vivo, without notable toxicity. Together, our results demonstrate that a pharmacoproteome-driven rational combination therapy has potential to provide more potent BCR-directed therapy for ABC DLCBL patients.
protein (BLNK), a scaffolding protein in the BCR pathway that was not present in the LC-MS/MS assays, failed to be captured as a component of teHSP90 complexes in these studies, further confirming the accuracy of the proteomic analysis ( Figure 2A) .
Classical HSP90-regulated client proteins depend on HSP90 function for their stability. To determine if the stability of the BCR proteins identified by LC-MS/MS was dependent on their association with teHSP90 complexes, we exposed OCI-Ly1 and OCILy7 cells to increasing doses of PU-H71 for 24 hours and analyzed abundance of proximal enzymes of the BCR pathway by immunoblot. These proteins -LYN, SYK, BTK, and PLCγ2 -were depleted in a dose-dependent manner upon exposure to PU-H71, indicating their dependency on teHSP90 complexes to maintain their expression ( Figure 2B) .
The more aggressive, therapy-resistant ABC-like subtype of DLBCLs features chronic activation of BCR signaling, often due to the presence of somatic mutations of proteins in this pathway (9) . As such, ABC DLBCLs are sensitive to targeted therapies that disrupt BCR signaling. We wondered whether these proteins were also associated with teHSP90 complexes in ABC DLBCL cell lines. If so, PU-H71 might serve as a candidate therapeutic agent for ABC DLBCLs. To test this, we next performed PU-H71 chemical precipitations followed by immunoblot for BCR pathway proteins in 3 ABC DLBCL cell lines, HBL-1, TMD8, and OCI-Ly3. We observed that the BCR proteins identified by LC-MS/MS in germinal center B cell-like DLBCL (GCB DLBCL) cell lines were also bound to teHSP90 complexes in these ABC DLBCL cells ( Figure  2C ). Moreover, SYK, BTK, and PLCγ2 proteins demonstrated dosedependent expression reduction upon exposure to PU-H71 ( Figure  2D ). LYN was not present in teHSP90 complexes in HBL-1 cells. Accordingly, the effect of PU-H71 on LYN stability in these cells is minimal. PU-H71 also induced a minimal effect on LYN stability in TMD8 cells. Moreover, PU-H71 accelerated degradation of SYK and BTK in HBL-1 and OCI-Ly7 cells after protein translation blockade by cycloheximide, suggesting that the effect of PU-H71 is at least in part related to protein stability (Supplemental Figure  1A) . In HBL-1 and TMD8, CD79B was more abundant in teHSP90 complexes than in the GCB DLBCL cell lines tested, which may be because it is mutated and constitutively active in these cell lines (9) . Finally, we observed a time-dependent decrease in SYK and BTK protein abundance upon exposure to PU-H71 in OCI-Ly1, OCI-Ly7, HBL-1, and TMD8 cells (Supplemental Figure 1B) .
We extended our studies to compare PU-H71 chemical precipitation in lysates of normal donor CD19 + cells isolated from peripheral blood to those performed in OCI-Ly1 cells. In CD19 + cells, PU-H71 chemical precipitation pulled down HSP90 and the client proteins SYK and BTK. However, these proteins were not enriched compared with input, whereas PU-H71 pulldowns in OCI-Ly1 cell lysates were enriched for HSP90 2-fold compared with input, and the clients SYK and BTK were enriched 2-and 3-fold, respectively (Supplemental Figure 2) . Immunoprecipitations using an antibody to HSP90 in lysates of CD19 + cells and OCI-Ly1 cells effectively precipitated HSP90 but very little of the client proteins SYK or BTK compared with PU-H71 chemical precipitation (Supplemental Figure 2) . These results are consistent with greater interactivity between teHSP90 and SYK or BTK in lymphoma cells compared with normal B cells. studies suggested that teHSP90 complexes mediate functions distinct from the standard molecular chaperone housekeeping function of HSP90 (5) .
Collectively, these data led us to hypothesize that the teHSP90 oncoproteome would point toward mechanisms for these complexes in DLBCL cells. We predicted that these mechanisms would lead to rational combinatorial therapies anchored by PU-H71 and geared toward more thorough suppression of key oncogenic pathways than can be achieved with single-agent therapy. Herein, using PU-H71 affinity capture proteomics in DLBCL cells, we identified the B cell receptor (BCR) pathway proteins as components of teHSP90 stress complexes. We demonstrate that multiple nodes of BCR signaling -including kinase phosphorylation, calcium signaling, and NF-κB activity -require teHSP90 function. Furthermore, we show that combinatorial targeting of teHSP90 and BCR signaling synergizes to inhibit the growth of activated B cell-like DLBCL (ABC DLBCL) cell lines, xenografts, and human patient samples.
Results
The teHSP90 oncoproteome in DLBCL cells. To interrogate the teHSP90 oncoproteome in DLBCL, we performed PU-H71 proteomics in DLBCL cells. We used agarose beads with either an inert chemical or beads that were covalently attached to PU-H71 to chemically precipitate teHSP90-client complexes in 2 DLBCL cell lines, OCI-Ly1 and OCI-Ly7. These complexes were resolved by polyacrylamide gel electrophoresis ( Figure 1A ) and analyzed by liquid chromatography followed by tandem mass spectrometry (LC-MS/MS). After subtracting common contaminants and the agarose proteome (7), we identified 602 and 684 teHSP90 client proteins in OCI-Ly1 and OCI-Ly7, respectively ( Figure 1B and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI80714DS1). Of the identified proteins, 52% were common to both cell lines.
To identify the signaling networks most highly represented among components of teHSP90 complexes, we analyzed the union of interacting proteins using the Search Tool for the Retrieval of Interacting Genes/proteins (STRING) (8) with a CI of 0.99. Among the expected clusters of proteins linked to stress signaling complexes, we identified components of the proteasome and ribosomal proteins. However, teHSP90 complexes were also highly enriched for proteins that form part of the BCR signaling pathway ( Figure  1C ). An orthogonal pathway analysis approach using ingenuity pathway analysis (IPA) also identified the BCR pathway as highly represented in the teHs90 DLBCL interactome (P = 0.01) (Supplemental Table 2 ). Among components of the BCR pathway present within teHSP90 stress complexes were the BCR itself, as well as many canonical components, including CD79, SYK, BTK, SHP1, PLCγ2, CD45, LYN, VAV, RAC, PI3K, mTOR, CSK, MEKK, JNK1/2, and several NF-κB components ( Figure 1D ).
teHSP90 complexes maintain protein expression of core components of the BCR pathway in DLBCL cells. In order to validate teHSP90 pharmacoproteomics assays, we next performed PU-H71 chemical precipitations in OCI-Ly1 and OCI-Ly7 cells followed by immunoblot for many of the BCR pathway proteins identified by LC-MS/MS. All of these protein interactions were confirmed by chemical precipitation/immunoblot, demonstrating the robustness of the pharmacoproteomics assay. Additionally, B cell linker noblots were performed for total and phosphorylated forms of SYK, BTK, and PLCγ2. Phospho-SYK, -BTK, and -PLCγ2 decreased in a time-dependent manner upon exposure to PU-H71, independent of total protein levels, in 3 ABC DLBCL cell lines ( Figure 3 ). We wondered if PU-H71 is required for LYN activity. While several Src-family kinases are known to initiate BCR signaling, LYN mediates negative feedback on BCR signaling through phosphorylation of receptor immunoreceptor tyrosine-based inhibition motifs (ITIMs) and a negative regulatory site on SYK (11) . It has been suggested that, in order to facilitate chronic active BCR signaling, CD79 mutations arose in ABC DLBCL to attenuate the negative feedback mechanism by LYN (9). We examined both activating (Y396) and inhibitory (Y507) phosphorylation sites on LYN and found low levels of pLYN Y396 but high levels in pLYN PU-H71 disrupts activation of BCR signaling proteins. teHSP90 has been shown to mediate novel functions in protein physiology, independent of its effects on protein folding and stability (3, 5) . For example, in B cell chronic lymphocytic leukemia (B-CLL), it maintains Lyn in an active conformation (10), whereas in chronic myelogenous leukemia (CML), it regulates the conformation of STAT5 to sustain elevated pSTAT5 species in the cell (5). Further, in DLBCL, teHSP90 was shown to maintain the BCL6 transcriptional repressor in a DNA-bound active conformation (3). We therefore hypothesized that teHSP90 is required for basal activity of the proximal enzymes of the BCR pathway independent of its function in maintaining protein expression. To test this notion, we treated 3 ABC DLBCL cell lines with PU-H71 at time points up to 4 hours, which is before reduction of protein abundance is observed. Immu- thresholding method (12), we observed a small but significant decrease in colocalization of the BCR with cholesterol-rich membrane (13) (14) (15) in cells treated with PU-H71 compared with vehicle (Supplemental Figure 4A ). Because the BCR signalosome is most active in the context of membrane-lipid-rich regions (e.g., lipid rafts) following BCR ligation and aggregation (16) , this decreased association is consistent with PU-H71-induced loss of SYK, BTK, and PLCγ2 activity. Collectively, these data suggest that teHSP90 contributes to BCR functionality by enabling dynamic interactions with its downstream mediators perhaps through localization of lipid-rich membrane structures.
Signaling induced by BCR stimulation requires teHSP90 function.
To further demonstrate that accumulation of SYK and BTK on the BCR is associated with a loss of BCR signalosome complex function, we pretreated cells with PU-H71 for 1 hour before stimulating the BCR with IgM + IgG and then measured the activity of SYK, BTK, and PLCγ2 by intracellular multicolor phosphoflow cytometry. In HBL-1 cells pretreated with PU-H71, we observed a 20%-30% decrease in SYK, BTK, and PLCγ2 activation following BCR stimulation (P ≤ 0.0001, Figure 4B ). In OCI-Ly10 cells pretreated with PU-H71, we observed a 15%-25% reduction in antigen-induced kinase activation (P ≤ 0.01, Figure 4B ). We used phosphoimmunoblot -an orthogonal but less quantifiable assay -to corroborate this finding in HBL-1, TMD8, OCI-Ly1, and U2932 cells. In these assays, we observed some variability between cell lines tested. PU-H71 inhibited BCR-stimulated activation of SYK by 36% and by 50% in TMD8 and U2932 cells, respectively, although there was minimal reduction in HBL-1 and OCI-Ly1. PU-H71 more powerfully inhibited BCR-stimulated activation of BTK in all 4 cell lines tested: 53% in HBL-1, 60% in TMD8, 45% in OCI-Ly1, and 42% in U2932 ( Figure 4C ). To further interrogate Y507 in ABC DLBCL cell lines, suggesting that LYN is in an "off " state in these cells, consistent with chronic active BCR signaling. Moreover, exposure to PU-H71 induced loss of pLYN Y507 (Supplemental Figure 3 ). This loss of LYN inhibition is consistent with the decreased activity of downstream kinases upon exposure to PU-H71 that we observed.
teHSP90 is required for BCR signalosome function. PU-H71 disrupts the dynamics of stress complexes by maintaining teHSP90 in the ATP-bound configuration attached to its partner proteins (5) . Given the observed attenuation of SYK, BTK, and PLCγ2 phosphorylation upon PU-H71 exposure, we wondered whether teHSP90 was required for dynamic assembly of the BCR signalosome complex and whether PU-H71 would disrupt this effect. To address this question, we interrogated the BCR signalosome complex using coimmunoprecipitation assays in cells exposed to PU-H71 at the short timepoints where loss of SYK and BTK phosphorylation was observed independent of effects on total protein abundance. We observed a time-dependent increase in the amount of SYK and BTK coimmunoprecipitated with CD79A in cells exposed to PU-H71 ( Figure 4A ; inputs shown in Supplemental Figure 4B ). The presence of HSP90 within the BCR signalosome was verified in these complexes by coimmunoprecipitation ( Figure 4A ; inputs shown in Supplemental Figure 4B ). A similar effect was observed in OCI-Ly1 and U2932 cells, but SYK and BTK accumulated on CD79A to a lesser extent ( Figure 4A ; inputs shown in Supplemental Figure 4B ). This PU-H71-induced accumulation of SYK and BTK on CD79A occurs at times when SYK and BTK exhibit reduced activity and when decreased association of the BCR with lipid rafts is observed, suggesting that this buildup of kinases on the BCR represents a loss of dynamic BCR complex function. Finally, using confocal microscopy and the Costes automated Figure 4D ). We observed similar but less potent attenuation of calcium flux in OCI-Ly1 and OCI-Ly7 cells (Supplemental Figure 4C) . To determine whether impairment in BCR signaling was associated with downstream effects on NF-κB signaling, we measured basal and BCR-induced NF-κB activity in the presence and absence of PU-H71 in the Ramos-blue cell line engineered to express an NF-κB responsive reporter encoding alkaline phosphatase. In cells treated with PU-H71, we observed a significant decrease in NF-κB reporter activity (P = 0.02) and an even more profound suppression of NF-κB activity after BCR stimulation of these cells (P = 0.01, Supplemental Figure 4D ). To interrogate the reliance of NF-κB signaling downstream of BCR signaling on HSP90 function in ABC DLBCL cells, we transfected HBL-1 and TMD8 cells with an NF-κB luciferase reporter and measured basal and BCR-induced NF-κB activity in the presence and absence of PU-H71. In HBL-1 and TMD8 cells treated with PU-H71, we observed a 40% and 30% decrease in NF-κB reporter activity (P = 0.0001, P = 0.0009, respectively) under basal conditions, with an even greater average inhibition of NF-κB activity following BCR stimulation (P = 0.002 HBL-1, P = 0.02 TMD8, Figure 4E) . Collectively, these data reveal a critical role for teHSP90 stress complexes in BCR signaling. In the presence of PU-H71, the BCR exhibits deficient association with lipid rafts, while SYK and BTK accumulate on CD79A, the signaling moiety of the BCR. Due to these effects and possibly due to additional effects on downstream components, there is loss of signalosome kinase function, calcium flux, and NF-κB activity ( Figure 4F ). PU-H71 and inhibitors of BCR signaling synergize to inhibit growth of DLBCL. For many therapeutic targets in cancer, it is imperative to achieve a high degree of suppression for maximal antitumor effect. Complex signaling networks like the BCR pathway tend to branch out, making their complete suppression a challenge. Moreover, complete suppression of the target of a specific inhibitor must be balanced against its off-target effects, which can become increasingly problematic with higher doses that may be needed for therapeutic effect. PU-H71 is different in its mechanism of action, which as shown above consists of broad attenuation of BCR signaling at multiple steps. Based on this notion, we hypothesized that combinatorial exposure of ABC DLBCL cells to the BCR attenuating activity of PU-H71, together with drugs that specifically target BCR components, would result in additive or synergistic cell growth inhibition. To test this idea, we treated 3 ABC DLBCL cell lines with PU-H71 in combination with inhibitors of BCR pathway proteins -including ibrutinib (BTK), R406 (SYK), BKM120 (PI3K), MI-2 (MALT1), and sotrastaurin (PKCβ) -and measured their effects on cell viability using a luminescent ATP-based assay. We calculated combination effect using the algorithm of Chou and Talalay (17) . All of these combinations showed synergistic (combination index [CX] value below 0.9) or additive (CX value between 0.9 and 1.1) effect at concentrations sufficient to inhibit growth 75% (GI 75 , Figure 5A ). The most potently synergistic combination was PU-H71 and ibrutinib, with marked synergy observed in all 3 cell lines (CX < 0.4, GI 95 , Figure 5B ). The CARD11 mutant ABC DLBCL cell line OCI-Ly3 does not respond to ibrutinib. In viability assays with these cells, we observed that the combination of ibrutinib with PU-H71 did not inhibit cell growth more than PU-H71 alone (Supplemental Figure 5) .
We tested these drug combinations in 2 GCB DLBCL cell lines, OCI-Ly1 and OCI-Ly7. PU-H71 combined with R406 or BKM120 induced additive or weakly synergistic growth inhibition in these cells. Because these cells are resistant to ibrutinib and sotrastaurin, we could not calculate synergistic effect of these combinations. However, we observed that the combination treatment did not inhibit cell growth more than PU-H71 alone (Supplemental Figure 5) .
As outlined in our hypothesis, we wondered if the combinatorial effect of PU-H71 with ibrutinib was linked to more powerful inhibition of BTK activity. To test this, we exposed 3 independent ABC DLBCL cell lines to PU-H71, ibrutinib, or the combination for 2 hours and measured BTK activity by phospho-immunoblot. The combination of PU-H71 and ibrutinib resulted in an additive inhibition of BTK activity ( Figure 5C ). To determine if the PU-H71-ibrutinib combination more potently suppresses BCR signaling downstream of BTK activity, we used p65 ELISA to measure NF-κB activity in nuclear lysates of ABC DLBCL cells treated with PU-H71, ibrutinib, or the combination for 24 hours. At the doses tested (average GI 50 values), single drugs induced a modest reduction in p65 activity. In contrast, the PU-H71-ibrutinib combination significantly decreased p65 activity by 60% in HBL-1 and TMD8 cells in an additive manner (P = 0.03, P = 0.04, respectively, Figure  5D ). To further interrogate the effect of the PU-H71-ibrutinib combination on NF-κB activity, we transfected HBL-1 and TMD8 cells with an NF-κB luciferase reporter construct and measured NF-κB activity in cells treated with PU-H71, ibrutinib, or the combination. We observed that the combination treatment decreased NF-κB activity more significantly than either drug alone ( Figure 5E ).
Ibrutinib enhances PU-H71 antilymphoma effect in vivo.
The PU-H71-ibrutinib drug combination is particularly suited for clinical translation because PU-H71 is in clinical trials and ibrutinib is an FDA-approved drug, prompting us to further investigate this therapeutic combination in ABC DLBCL in vivo. Importantly, we have shown that the concentrations of PU-H71 determined here to inhibit BCR signaling components (~0.5-1 μM) are readily achieved in the tumors of human patients using well tolerated doses in our phase I studies (18) . We established HBL-1 and TMD8 xenografts in non-obese diabetic/severe combined immunodeficiency (NOD-SCID) mice. After tumors reached an average of 100 mm 3 in volume, mice were randomized to receive vehicle, ibrutinib, PU-H71, or the combination. TMD8 and HBL-1 mice were treated daily, with 12.5 mg/kg ibrutinib (ad libitum), 75 mg/kg PU-H71 (i.p. injection), or the combination for 11-13 days ( Figure 6A ). As a single agent, ibrutinib inhibited the growth of both TMD8 and HBL-1 xenograft models, but this difference was not statistically significant as compared with vehicle. PU-H71 significantly reduced tumor growth in both TMD8 and HBL-1 xenografts (P < 0.0001, and P = 0.003, compared with vehicle). The PU-H71-ibrutinib combination suppressed TMD8 and HBL-1 xenograft growth significantly more than ibrutinib alone (P < 0.0001) or PU-H71 alone (P = 0.0045 and P = 0.008, respectively, Figure 6 , B and C). jci.org Volume 125
Number 12 December 2015 effect on BTK phosphorylation. While ibrutinib reduced active BTK levels by 45% (P = 0.01), the PU-H71-ibrutinib combination significantly suppressed BTK phosphorylation by 55% (P = 0.007). In HBL-1 xenografts, we observed modest inhibition of BTK in both single-agent treatments, but these effects were not statistically significant. Once again, in animals treated with the PU-H71-ibrutinib combination, we observed a 75% inhibition of active BTK in their HBL-1 ABCL-DLBCL tumors (P = 0.04, Figure 6E ).
In order to determine if the combination effect observed in vivo was linked to more potent inhibition of BTK, as we had observed in cell lines, we established new HBL-1 and TMD8 xenografts in NOD-SCID mice (n = 3/group) and administered a single dose of vehicle, ibrutinib, PU-H71, or the combination. Mice were sacrificed 24 hours after treatment, and tumors were harvested to assay for BTK activity by phospho-immunoblot (Figure 6D) . In TMD8 xenografts, the single dose of PU-H71 had little in a partner protein-bound configuration (5). This highly stable binding enables enrichment of the teHSP90 proteome from cells using PU-H71 pulldowns (5). HSP90 immunoprecipitation brings down the same proteins but does not distinguish between those proteins contained in stress complexes versus those that are bound to housekeeping fractions of HSP90 (5). Hence, PU-H71 pharmacoproteomics can be used to specifically capture a unique functional class of HSP90 complex that exhibits greater association with biochemical effects specifically required by tumor cells to maintain their growth and survival (5, 20) . Our current data confirm and underline that teHSP90 stress complexes carry out specific biochemical functions beyond the classical protein stability and folding functions attributed to HSP90. Consistent with the locking-in effect of PU-H71, exposure of DLBCL cells to drug resulted in more stable association of CD79 with BTK and SYK, as well as disruption of the association of BCR complexes with lipid rafts. Collectively, these data are consistent with the notion that teHSP90 in some way is required to maintain the proper configuration of the BCR signalosome. BCR components must dynamically recycle their configuration during signaling, and teHSP90 may facilitate these dynamics. Clearly, in depth structural studies will be required in the future to understand these mechanisms. It has been noted, however, that CD79 mutations maintain surface BCR expression in ABC DLBCLs (9), consistent with their chronic active BCR status. Actual membrane-tocytoplasm vesicle recycling of the BCR is only mildly perturbed by PU-H71 (data not shown). Hence, PU-H71 actions might be more intimately associated with perturbation of membrane complex protein interaction dynamics.
HSP90 isoforms are known to associate with membranebound proteins such as the BCR. For example, HSP90N has been shown to contain a putative myristylation sequence, which may explain its membrane localization (21) . In T cells, HSP90 is required for the membrane association of the Src family kinase LCK (22) . Activating mutations in LCK increase its dependence on HSP90 (23) . CD79, the signaling moiety of the BCR, is often mutated in ABC DLBCLs, resulting in chronic activation of the pathway (9) . Though the enzymes of BCR signaling -SYK, BTK, and PLCγ2 -do not harbor activating mutations, they form the BCR signalosome with CD79 and exhibit increased activity in the ABC DLBCLs. The biochemical dependence of the BCR signalosome on teHSP90 is consistent with the previously shown requirement of teHSP90 to maintain signaling pathways aberrantly activated in human leukemia and solid tumor cells (5) . Notably, teHSP90 also plays a key role in maintaining viral proteins linked to virally induced lymphomagenesis (20) . One minor point to note is that teHSP90 also associated with BCR components in GCB-type DLBCL cells. It has been previously shown that these cells exhibit tonic BCR activity and can be targeted by signaling inhibitors, such as SYK inhibitors (24) . Hence, it is possible that teHSP90 is important both for tonic BCR activity in lymphoma cells and chronic active signaling that is more characteristic of ABC DLBCLs.
An important concept emerging from this work is the notion of teHSP90 as a general facilitator of BCR signaling. Indeed, our pharmacoproteomics assay indicated extensive interaction of teHSP90 with BCR signaling proteins at multiple levels and Taken together, the PU-H71-ibrutinib combination therapy results in enhanced antilymphoma effect in vivo, and pharmacodynamic studies indicate this was associated with more potent suppression of BTK activity.
To determine if the PU-H71-ibrutinib drug combination is toxic, we treated C57 Black mice (n = 3/group) for 12 days with vehicle, ibrutinib (12.5 mg/kg ad libitum), PU-H71 (75 mg/kg i.p. injection), or the combination. A second cohort of mice (n = 3/ group) were maintained without drug exposure for an additional 14 days to serve as a washout comparison group for any observed toxicity in the treatment group (Supplemental Figure 6 ). Animals were weighed daily and sacrificed 24 hours after the last treatment, followed by a comprehensive histopathology and molecular analysis. There was no evidence of hematologic, renal, or hepatic toxicity, as determined by blood counts, blood chemistry, and liverfunction testing (Supplemental Table 3 ). No microscopic evidence of toxicity was observed in the intestines, kidneys, spleens, livers, lungs, or hearts harvested from any of the mice (data not shown). The BM of control and ibrutinib-treated mice revealed no specific pathological findings, although there was evidence of hypocellularity in 1/3 PU-H71-only and 2/3 combination-treatment mice. BM in the PU-H71 and combination-treated mice in the washout group revealed normocellular BM, demonstrating that the observed toxicity is reversible when the drug is removed.
PU-H71 and ibrutinib combination yields enhanced killing of human non-GCB DLBCL patient samples ex vivo.
Whereas lymphoma cell lines have been used extensively for preclinical studies, it is important to underline that these cells may not be fully representative of primary human tumors. As part of an ongoing research protocol at Weill Cornell Medical College, we were able to obtain 3 viable primary non-GCB DLBCL specimens classified by Hans IHC criteria (19) . These patient specimens where plated on a feeder layer of irradiated HK cells and treated with vehicle, 2 nM ibrutinib, 1 μM PU-H71, or the combination for 48 hours. Cell viability was measured by flow cytometry scoring CD20 + B cells for annexin V and DAPI to determine their viability. In patient sample 6128, the PU-H71-ibrutinib combination treatment produced significantly enhanced lymphoma-killing effect. In non-GCB DLBCL patient sample 6938, the PU-H71-ibrutinib combination resulted in even more potent killing relative to each drug alone, although statistics could not be generated since there were insufficient cells to perform multiple replicates ( Figure 6F ). Other samples tested were not sensitive to ibrutinib, and the combination treatment was not more effective than PU-H71 alone, similar to the CARD11 mutant ABC DLBCL cell line OCI-Ly3. The efficacy of this drug combination in ABC DLBCL in vitro, in vivo, and human patient samples ex vivo supports the rationale for translation of this combination therapy to human patients.
Discussion
In this work, we expand the scope of previously known HSP90 functions to include binding and facilitating signaling through the BCR signalosome in the clinically relevant context of ABC DLBCLs. This function is linked to a tumor-enriched class of HSP90 complexes that can be selectively targeted using the small molecule PU-H71. PU-H71 binds tightly to teHSP90 complexes in an ATP-competitive manner (5), causing teHSP90 to become locked jci. MS. In-gel trypsin-mediated digestion was carried out using standard procedures. Tryptic peptides were resolved on a nano-capillary reverse phase column and directly infused into a linear ion-trap mass spectrometer (LTQ Orbitrap XL, Thermo Electron Corp.). The mass spectrometer was set to collect one survey scan (MS1), followed by MS/MS spectra on the 9 most intense ions observed in an MS1 scan. Proteins were identified by searching the tandem mass spectra against human protein database using the X!Tandem/TransProteomic Pipeline software suite. All proteins identified with a probability of ≥0.9 were retained for further analysis.
Cell lysis for immunoblot. Cells were treated at a concentration of 2 × 10 6 /ml, harvested, washed with PBS, and resuspended in lysis buffer (10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, freshly prepared 1.5 mM Na 2 MoO 4 , 1% Triton-X, protease and phosphatase inhibitors, and 0.5 mM PMSF).
IP. Cells were plated at a concentration of 2 × 10 6 /ml and treated with vehicle or PU-H71. Cells were harvested, washed with PBS, and lysed in IP Buffer (25 mM HEPES pH 7.5, 150 mM NaCl, 0.2% NP-40, 10% glycerol, 1 mM DTT, 20 mM Na 2 MoO 4 , and protease inhibitors) for 30 minutes on ice, and then centrifuged at high speed for 15 minutes at 4°C to remove insoluble proteins. Protein concentration of supernatants was measured using the DC Protein Assay Kit (Bio-Rad). Input (10 μg) was saved at -20°C. For each IP, 1 mg of protein was precleared for 1 hour at 4°C with Protein G Sepharose beads (SigmaAldrich) washed in IP buffer. Precleared lysates were precipitated with 10 μg of either αCD79A (clone HM47, Santa Cruz Biotechnologies Inc.) or mouse IgG (catalog ab14813, Abcam) tumbling overnight at 4°C. The next day, 20 μl of washed, blocked Protein G Sepharose beads were added to immunoprecipitates and tumbled for 1 hour at 4°C. Beads were then washed 3 times in IP buffer, resuspended in 2× SDS loading buffer, and boiled for 5 minutes. SDS loading buffer (5×) was added to inputs and boiled for 5 minutes. Inputs and immunoprecipitates were resolved by standard immunoblot procedure. For HSP90 IPs, 10 μg of antibody (clone H9010, StressMarq Biosciences Inc.) was used to precipitate cell lysates. For assays with CD19 + cells, 275 μg of lysate was used per IP or CP, and 25 μg was used as input. BCR-lipid raft colocalization. Cells were treated with vehicle or PU-H71 for 4 hours. After washing with PBS, cells were fixed with 4% paraformaldehyde/0.1% glutaraldehyde/1× PBS for 20 minutes at room temperature. Cells were stained with 10 μg/ml F(ab′) 2 fragment goat anti-human IgM (catalog 109-006-129, Jackson Immunothroughout multiple branches of the BCR signaling network. These findings correspond with the overall attenuation of BCR signaling, calcium flux, and NF-κB activity induced by PU-H71. The BCR pathway is well appreciated as a therapeutic target in ABC DLBCLs. Targeting with selective inhibitors against BTK, SYK, or MALT1 can suppress the growth of ABC DLBCL cells. While potentially effective, these treatments may not globally suppress all aspects of BCR signaling. Moreover, tumors can become resistant to drugs such as ibrutinib through acquisition of somatic mutations in BTK and PLCG2. Despite its rapid translation, a phase II clinical trial of ibrutinib monotherapy in ABC DLBCL patients revealed only a 41% overall response rate (25) .
Based on these notions, we propose clinical translation of regimens that combine the BCR attenuator effects of PU-H71 discovered through our pharmacoproteomics approach together with the more punctual and incisive specific targeted approach represented by ibrutinib or similar agents. Indeed, the combination of PU-H71 was highly synergistic when combined with ibrutinib in cell lines, as well as in animal models and against primary human DLBCL cells. Synergy between these drugs was associated with more potent suppression of BTK and NF-κB activation. Naturally, PU-H71 suppression of other teHSP90 actions could also contribute to these synergistic effects, such as its effects on BCL6 and IKK (3, 26) . If anything, this adds to the potential appeal of using PU-H71 to anchor combinatorial therapy for DLBCL. In further confirmation of these data, a recent high throughput combinatorial screening study identified HSP90 inhibitors as one of several classes of drugs that cooperate with ibrutinib to kill ABC DLBCLs (27) . Finally, it is important to underline the lack of toxicity observed in animals exposed to the combination of PU-H71 and ibrutinib, which suggests this combination would be well tolerated in humans. PU-H71 is currently completing phase I testing in humans and will be available for phase II studies as a single agent or for rational combination therapy. We expect such studies to yield improved efficacy in humans compared with single BCR agent-targeted therapy.
Methods
Cell lines and reagents. The DLBCL cell lines OCI-Ly1 and OCI-Ly7 were grown in Iscove's Modified Dulbecco's Medium (IMDM) containing 10% FBS and supplemented with penicillin/streptomycin. OCI-Ly10 was grown in IMDM with 20% FBS and penicillin/streptomycin. The DLBCL cell lines HBL-1, TMD8, and U2932 were grown in medium containing 90% RPMI and 10% FBS, supplemented with L-glutamine, HEPES, and penicillin/streptomycin. The cell line OCILy3 was grown in medium containing 80% RPMI and 20% FBS, supplemented with L-glutamine, HEPES, and penicillin/streptomycin. CD19 + cells were purchased from AllCells. PU-H71 was synthesized as previously reported (5). Ibrutinib was provided by Pharmacyclics. R406, BKM120, and sotrastaurin were purchased from Selleck Chemicals. MI-2 was purchased from Albany Molecular Research Inc. Filipin and cycloheximide were purchased from Sigma-Aldrich. All human IgM and IgG were purchased from Jackson ImmunoResearch Laboratories Inc. A list of antibodies used is included in the Supplemental Material (Supplemental Table 4 Toxicity. Eight-week-old C57 Black 6 mice were treated with vehicle, ibrutinib (12.5 mg/kg/day ad libitum), PU-H71 (75 mg/kg/day i.p. injection), or PU-H71-ibrutinib combination for 12 days. Animals were weighed every other day. After 12 days, 3 animals per group were sacrificed, and organs (intestine, spleen, kidney, liver, lung, heart, and BM) were harvested. Tissues were fixed in 4% formalin, washed in 70% ethanol, and sent for sectioning and staining with H&E. Stained tissues were microscopically analyzed by specialized pathologists. Blood was also collected at the time of sacrifice for complete blood count test and chemical analysis.
Primary cell treatment. We obtained deidentified human tissues in accordance with and approval from the Institutional Review Board of the New York Presbyterian Hospital, New York, New York. Samples were classified as non-GCB DLBCL using Hans classification (19) (IHC for BCL6, CD10, and MUM1, with 30% cutoff for positivity). Single-cell suspensions from lymph node biopsies were thawed and resuspended in Advanced RPMI supplemented with 20% human serum, GlutaMAX (2×), glycine (5 mM), and penicillin/streptomycin. Cell number and viability was determined by counting with trypan blue. Irradiated HK cells (2,000 rad) in DMEM supplemented with 10% FBS and penicillin/streptomycin were adhered to tissue culture plates at 37°C. Media was aspirated, and patient samples were plated on the HK feeder layer. Samples were exposed to different drugs or vehicle for 48 hours and stained with FITC-conjugated anti-CD20, PE-Cy7-conjugated anti-CD3, and APC-conjugated anti-annexin V anti-human antibodies (BD Biosciences). DAPI was used for the exclusion of dead cells. Data was acquired on MacsQuant Flow Cytometer and analyzed using FlowJo software package. CD20 + /CD3 -cells that were Annexin V/DAPI double-negative were considered live. Statistics. Two-tailed unpaired t test was used unless otherwise stated. Specifically, 2-tailed Mann-Whitney U test was used for xenograft growth experiment analysis. All statistical analyses were carried out using Prism software (GraphPad Software). 
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